Some bouncing models are investigated in the frame work of an extended theory of Gravity. The extended gravity model is a simple extension of the General Relativity where an additional matter geometry coupling is introduced to account for the late time cosmic speed up phenomena. The dynamics of the models are discussed in the background of a flat FRW universe. Some viable models are reconstructed for some assumed bouncing scale factors. The behavior of the models are found to be decided mostly by the parameters of the respective models.
I. INTRODUCTION
Different cosmological observations from supernova, Cosmic Microwave Background (CMB) radiation anisotropy, large scale structure and Baryon Acoustic Oscillation have confirmed that the expansion of universe is speeding up at least at its late phase of evolution. This has led to the development of many new ideas including the exotic dark energy and an essential modification of General Relativity (GR). In its usual form GR is not able to explain this intriguing phenomenon. Additional dynamical degrees of freedom in the form of DE mediated through scalar fields are required in the framework of GR to explain the late time cosmic speed up. In GR, Dark energy(DE) corresponds to a mysterious fluid with negative pressure. Simplest possible DE candidate is the cosmological constant which defines the Λ dominated Cold Dark Matter model (ΛCDM). The worrying things about the cosmological constant is that it is plagued by many fundamental issues such as the fine tunning problem and coincidence problem. Slowly rolling scalar fields like quintessence may be a solution to this issue. Many scalar fields as solutions to the issue of late time cosmic speed up are usually ghost fields with unusual negative kinetic energy. In order to avoid such occurrence of ghost fields, the geometrical degrees of freedom may be explored in place of dynamical matter fields. In this alternative approach, the action of GR can be modified by replacing the Ricci scalar R by a more general function of R or by a matter-geometry coupled functional. These geometrically modified theories do not require additional degrees of freedom as source of matter field driving the acceleration and therefore ghost free. There are so many geometrically modified theories of gravity have been proposed in recent times. Notable among them are f (R) theory [1] [2] [3] , f (G) gravity [4, 5] , f (T ) theory [6, 7] and f (R, T ) theory [8] . Among these modified theories, The f (R, T ) gravity theory as proposed by Harko et al. [8] has attracted a lot of research attention in recent times and has been widely used to address many issues in cosmology and astrophysics [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Recently, there has been an increased interest in extended theories of gravity because its simple structure and elegance in addressing issues in cosmology [21] [22] [23] [24] .
The cosmological scenarios in the early universe is usually described by the Standard Big Bang cosmology. However, the Standard cosmology model suffers from many issues such as the flatness problem, the horizon problem, initial singularity and baryon asymmetry problem. The flatness problem is concerned with the problem that why is the density of universe is so close to the critical density? The Horizon problem is concerned with the question: why does the universe (or CMB radiation) look the same in all directions? The inflationary scenario solved some of these issues of the early universe standard model and provided a causal theory of structure formation [25, 26] . Inspite of great success, the inflationary scenario suffers from the singularity problem and the trans-Planckian problem for fluctuations. Before the onset of inflation where the universe undergoes an almost exponential expansion, singularity occurs and therefore inflationary scenario fails to reconstruct the complete past history of the universe. As a solution to the challenges faced by the inflationary scenario, matter bounce scenario have been proposed [27, 28] (for reviews see [29, 30] ). In the matter bounce cosmology, the initial singularity can be suitable avoided. In this scenario, matter dominates the universe at the bounce epoch and therefore it is possible to generate the density fluctuation comparable to that of observations [29, 30] . In bouncing cosmologies there is an initial phase of contraction where matter dominates the universe followed by a bounce without any singularity and then there is a causal generation for fluctuation. Bouncing cosmologies have been investigated in alternative gravity theories such as f (R) theory [31] [32] [33] [34] [35] , modified Gauss-Bonnet gravity [36, 37] , f (R, T ) gravity [17] and f (T ) gravity [38] .
In the present work, we have investigated some bouncing models in the framework of an extended gravity theory. Our motivation is to use a simple extended gravity theory exploring the geometrical degrees of freedom to explain the late time cosmic speed up phenomenon and to investigate the bouncing behaviour at an initial epoch. In order to investigate the dynamics under the purview of bouncing scenario, we have studied the dynamics of the models through some presumed bouncing scale factors. The paper is organised as follow: in Section II, the basic formalism of the extended gravity theory and the field equations for a flat FRW universe have been derived. In Section III, dynamical physical parameters such as the energy conditions and the equation of state (EoS) parameter are derived in terms of the Hubble parameter. Three different bouncing models along with their evolutionary behaviour have been studied in Section-IV. At the end the conclusion and summary are presented in Section-V.
II. BASIC FORMALISM OF THE EXTENDED GRAVITY
The action for a geometrically modified extended theory with a matter-geometry coupling is considered as
where L m is the matter Lagrangian. f (T ) is an arbitrary function of the trace T of the energy-momentum tensor. One can onte that, the action reduces to the action of GR if the coupling constant β vanishes. Here we have used the natural unit system where 8πG = c = 1; G and c being the Newtonian gravitational constant and speed of light in vacuum respectively. Varying this action with respect to the metric g µν , we obtain the modified field equation as
where the energy-momentum tensor T µν is defined through the matter Lagrangian as
and Θ µν = g ρσ δTρσ δg µν . f T (T ) denotes the partial derivative of f (T ) with respect to T . We chose a perfect fluid distribution of the universe with energy density ρ and pressure p for which the energy-momentum tensor is given by
where u µ is the time like four velocity vector of the fluid that satisfies the relation u µ u µ = 1 in co-moving coordinates.
We chose the matter Lagrangian as L m = −p, so that Θ µν = −pg µν − 2T µν . The modified field equation now reduces to
Equation (5) can also be written as
Here, G µν = R µν − 1 2 Rg µν is the usual Einstein tensor and κ T = 1 + βf T (T ) is the redefined Einstein constant. The redefined Einstein constant may be a dynamical quantity for a non linear choice of the functional f T (T ). However, for a linear choice of the functional f T (T ) it becomes a constant carrying the signature of the extended gravity through the coupling parameter β. In (6), we have
The geometrical modification in the action leads to the extra effective interaction term T int µν which is necessary to provide the required acceleration at late times. It is worthy to mention here that, such a coupling of matter and curvature is motivated from quantum effects and particle creation process. In the limit β → 0, the interaction term vanishes. In principle one may construct viable cosmological models through suitable choices of the functional f 2 (T ) which may be confronted with recent observations. In the present work, we consider a linear functional
so that
and
The field equations in the extended gravity theory for a flat FRW model can be written as
Here α = 1 + 3β and we denote the ordinary time derivatives as overhead dots. The Hubble parameter is defined through the scale factor a(t) as H =ȧ a .
III. PHYSICAL PARAMETERS
The Physical parameters of the models such as the pressure and energy density can be obtained from the field equations (11) and (12) in terms of Hubble parameter as
The energy condition ρ + p ≥ 0 and ρ ≥ 0 put extra constraint on the model. The positive energy density constrains the coupling parameter through the condition 3κT 2β ≥Ḣ H 2 . The equation of state(EoS) parameter can be obtained as
The EoS parameter can also be expressed in terms of the deceleration parameter q = −1 −Ḣ H 2 as
This is an important equation in the sense that, the time dependence of the deceleration parameter controls the time evolution of the equation of state parameter. A constant EoS will result from a constant deceleration parameter.
IV. BOUNCING COSMOLOGIES
In this section we have considered three bouncing scale factors that shows bouncing behaviour at some epochs. We have discussed their bouncing nature and derived the dynamical properties such the deceleration parameter and the EoS parameter for the models. The energy condition of the models are also derived.
Model-I Let us consider a bouncing scale factor
where a 1 , a 2 , λ 1 and λ 2 are positive constants. Also we assume that a 2 = 0 and λ 2 = 0. If a 2 = 0, we get a de Sitter universe. Sinceȧ
bouncing scenarios occurs at a time
If we consider that λ 1 = λ 2 , then t b = ln a2 a1 2
. If we wish that the singular bouncing should occur at t b = 0, then the parameter would satisfy the relation a 1 λ 1 = a 2 λ 2 .
The Hubble parameter for the bouncing scale factor in (17) is given by H =ȧ a = a 1 λ 1 e λ1t − a 2 λ 2 e −λ2t a 1 e λ1t + a 2 e −λ2t (20) and consequentlyḢ = a 1 λ 2 1 e λ1t + a 2 λ 2 2 e −λ2t a 1 e λ1t + a 2 e −λ2t − a 1 λ 1 e λ1t − a 2 λ 2 e −λ2t a 1 e λ1t + a 2 e −λ2t 2 .
At the singular bounce epoch (t b = 0), it is obvious that, H = 0 andḢ > 0. The deceleration parameter for the bouncing scale factor becomes q = − a 1 e λ1t + a 2 e −λ2t a 1 λ 2
If we consider that λ 1 = λ 2 = λ then obviously we can have
One can note that as t → +∞, H → λ and as t → −∞, H → −λ. Also for any cosmic time t before and after the bounce, a positive slope of the Hubble parameter (Ḣ > 0) can be ensured for the condition λ 2 > H 2 . For the scale factor chosen in (17) , the deceleration parameter evolves with time both in the pre and post bounce epochs from a negative value less that −1 to an asymptotic value of −1 at large cosmic time. Since we have already mentioned that, an evolving deceleration parameter in the present model leads to an evolving EoS parameter in the phantom region. This inference can be drawn clearly from the expression of the EoS parameter
At the bounce, we have
In GR limit, we have β → 0 leading to a ω-singularity. However, that singularity can be avoided in the present framework of extended gravity. Beyond the bounce scenario, the EoS parameters evolves in the phantom region to overlap with a cosmological constant at large time. The null energy condition for the present model can be obtained as
SinceḢ remains positive through out the cosmic evolution before and after the bounce, we have ρ + p < 0 and therefore the energy condition ρ + p ≥ 0 is violated in the present model.
Model-II
We consider a sum of exponential model for a bouncing scenario where the scale factor is given by [31] 
where Y = (λt) 2 and λ is positive constant. One can note that in the limit of λ → 0, the model reduces to the exponential one with the scale factor a(t) = e λ 2 t 2 . In the limit of large λ, the second term i.e e Y 2 is dominant which may explain a late time cosmic acceleration with positive accelerationä. We haveȧ
Obviously, the bounce occurs at t = 0. The Hubble parameter can be expressed as
Since in the limit λ ≪ 1 we have e Y −Y 2 + 1 ≃ 2 − Y and consequently
The slope of the Hubble parameter becomeṡ
which reduces toḢ ≃ λ 2 − H 2 in the limit of λ ≪ 1. In other words, this model behaves similarly to the previous model in limit of small exponent λ and therefore has a bouncing behaviour at t = 0 and accelerating behaviour at late times. The deceleration parameter for this model can be obtained as
which remains negative through out the cosmic evolution for λ ≪ 1 in the positive time domain and remains positive for negative time domain. For t > 0 it evolves from − 1 t to q = 0 at late times. In the vicinity of the bouncing epoch, this explains the gradual deceleration before to acceleration after bounce. From the behaviour of the deceleration parameter, the evolutionary behaviour of the EoS parameter can be assessed. For positive time domain, the EoS parameter evolves in the phantom domain.
As in the previous model, here also we have at bounce
which signifies the role of the modified gravity.
Model-III
We may consider a bouncing scale factor is given by Myrakuplov and Sebastini [39] 
where a 0 > 0 is the scale factor at time t 0 . The exponent n = 0 decides the bouncing behaviour of the model. The Hubble parameter for this ansatz is given by
so thatḢ = −2n(t − t 0 ) −2 = − 1 2n 2 H 2 . Bouncing occurs at t = t 0 with the bouncing scale factor a 0 . The model also show a little rip behaviour as t → ∞, we have a → ∞ and H → ∞ for positive integral values of n.
The deceleration parameter for this bouncing model can be given as
The deceleration parameter is a negative quantity for n > 1 2 and remains a constant. The EoS parameter for this model can be expressed as,
which remains constant. In the limit of GR with β → 0, we have
In the present work, we have discussed some bouncing cosmological models in the frame work of a simple extended theory of gravity. The extended theory of gravity is derived from an action where the usual Ricci Scalar is replaced by a coupled function which is linear in R and T . The presence of the trace of the energy momentum tensor in the geometry side of the Einstein-Hilbert action provides an acceleration. We have investigated three different models that show bouncing behaviour at some epochs. Some models also explains the late time acceleration. One Little Rip case has also been discussed in the context of bouncing scenario. In the models we have shown the effect of the coupling parameter of the extended gravity theory we have considered in the present work. The energy condition for the models have been derived. The bouncing models with a positive slope of the Hubble parameter the energy conditions are violated by the models and the models evolve in a phantom region. However, in the little rip case considered here we obtain that the deceleration parameter and the EoS parameter are non evolving and therefore they maintain their accelerating nature throughout the cosmic evolution at least in the positive time domain. The evolutionary behaviour of the EoS parameter is mostly decided by the coupling parameter of the extended gravity. We hope our models may be confronted with recent observations.
